Attenuated second order Møller-Plesset theory (MP2) captures intermolecular binding energies at equilibrium geometries with high fidelity with respect to reference methods, yet must fail to reproduce dispersion energies at stretched geometries due to the removal of fully longrange dispersion. To ameliorate this problem, long-range correction using the VV10 van der Waals density functional is added to attenuated MP2, capturing short-range correlation with attenuated MP2 and long-range dispersion with VV10. Attenuated MP2 with long-range VV10 dispersion in the aug-cc-pVTZ (aTZ) basis set, MP2-V(terfc, aTZ), is parametrized for noncovalent interactions using the S66 database and tested on a variety of noncovalent databases, * To whom correspondence should be addressed † University of California, Berkeley ‡ Lawrence Berkeley National Laboratory 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 describing potential energy surfaces and equilibrium binding energies equally well. Further, a spin-component scaled (SCS) version, SCS-MP2-V(2terfc, aTZ), is produced using the W4-11 database as a supplemental thermochemistry training set, and the resulting method reproduces the quality of MP2-V(terfc, aTZ) for noncovalent interactions and exceeds the performance of SCS-MP2/aTZ for thermochemistry.
Density functional theory (DFT), at least in its standard semi-local forms, which depend only on properties of the density at a given location, is well known to omit long-range dispersion interactions. 25 Much work has been done to reincorporate missing long-range dispersion, with considerable success. Simple approximations of the dispersion interaction through pairwise precomputed C 6 values have exchanged qualitative failure for a frequently useful level of accuracy for noncovalent interactions. [26] [27] [28] [29] Other methods of computing C 6 coefficients using properties like the exchange-dipole moment 30 or the Hirshfeld volumes of atoms 31 have proven similarly successful.
An alternative approach relying upon finding functionals of the density at more than one location, has produced the Van der Waals (VdW) density functionals, both in parameterless and parameterized [32] [33] [34] [35] [36] forms. VdW functionals cast dispersion in terms of the interaction of the density at two points, mediated by a local approximation to the dynamic polarizability (Φ).
Self-consistently training VdW functionals as part of a density functional has recently led to functionals such as ωB97X-V 37 and B97M-V 38 that are very accurate for non-covalent interactions.
However, unlike wavefunction methods, they still suffer from self-interaction errors 39, 40 due to incomplete use of exact exchange.
Using a different approach, we have recently addressed the inadequacies of MP2 for noncovalent interactions. By introducing range-separation into the Coulomb operator, a short-range, or "attenuated" MP2 method 41 is produced which preserves only short-range electron correlation.
The resulting attenuated MP2 method reduces errors of MP2 in a given basis set by as much as a factor of five. 41 This is achieved because attenuation partially cancels the inherent overbinding of MP2 and the additional overbinding due to basis set superposition error (BSSE) in finite basis sets.
The full Coulomb operator is retained for the underlying Hartree-Fock (HF) calculation. Using one range-separation parameter, r 0 , attenuated MP2 has been parametrized for the aug-cc-pVDZ 41 and aug-cc-pVTZ 42 Dunning basis sets, 43, 44 and other basis sets. 45 Tests on large systems were 3 also reported. 46 Attenuated MP2 was extended to benefit bonded interactions at the same time as non-bonded interactions by incorporating spin-component scaling into a range-separation ansatz to define the SCS-MP2(2terfc, aTZ) method. 47 SCS-MP2(2terfc, aTZ) captures the behavior of MP2(terfc, aTZ) for noncovalent interactions while reproducing SCS-MP2/aTZ for thermochemistry databases.
Despite these successes, purely dispersive interactions are missing from the treatment of longrange interactions within attenuated MP2. Indeed, the long-range C6 coefficients are zero for attenuated MP2. To address this issue, further modifications have paired attenuated MP2 with the long-range dispersion energy from time-dependent Kohn-Sham (TD-KS) density functional theory to form the attenuated MP2C method, 48 which approximates the full MP2C energy 49 within a much smaller basis than is needed to converge the MP2C/CBS values. MP2C require clearly separable fragments, which is true for intermolecular interactions, including molecular crystals, but is not satisfied for other important non-bonded interactions, such as intramolecular conformational analysis. Still, the success in pairing attenuated MP2 with the TD-KS polarizabilities suggests that attenuated MP2 is potentially compatible with long-range corrections.
It is also worth noting that even though all long-range two-electron integrals are neglected, attenuated MP2 quantitatively captures the leading long-range correlation effects for systems with non-zero dipole moments, like the water dimer. The reason is that mean-field HF yields incorrect electrical moments, which are corrected by MP2. The resulting dipole moment corrections give a long-range R −3 dependence for the correlation binding energy in the water dimer. Attenuated MP2 captures this correctly, regardless of its neglect of long-range dispersion. 50 For this reason, a VV10 correction to HF is unpromising (it cannot correct the errors in long-range HF electrostatics), but a VV10 correction to MP2 is quite promising, as it can potentially reincorporate long-range dispersion.
In the remainder of this paper, we pursue that goal by combining attenuated MP2 with longrange VV10 correlation to define a method that correctly includes long-range dispersion, and then carefully assess its performance against conventional MP2, and the existing (uncorrected) attenu-4 ated MP2 methods.
Methods
Attenuated MP2 partitions the Coulomb operator into short-and long-range components using the terf switching function, 51 which depends on a single parameter, r 0 ,
The short-range function, terfc(r,r 0 ) r is equivalent to a shifted 1 r at r = 0 since the first and second derivatives of the corresponding long-range Coulomb operator,
, are zero at the origin by design.
The attenuated MP2 correlation energy uses a modified Coulomb operator employing the complementary terf function (terfc), resulting in an energy expression which involves attenuated integrals. In terms of spin-orbitals, attenuated MP2 is:
The range-separation of the MP2 correlation energy is analogous to using two perturbations corresponding to the short-and long-range fluctuation potential. These two perturbations give rise to three energetic terms at second order, purely short-range correlation (SR), purely long-range correlation (LR), and mixed-range correlation (MR). The MR term is linear in each of the two perturbations.
These terms sum to the full MP2 correlation energy regardless of the range-separation distance.
Attenuated MP2 corresponds to the neglect of the second and third terms, motivated by the known 5 overbinding of MP2 at the CBS limit, which is further increased by basis set superposition errors.
To consider how one might couple attenuated MP2 with a long-range correction, let us first examine the asymptotic decay of attenuated MP2 itself. This is given by expanding the attenuated MP2 energy for two non-overlapping closed shell subunits, A and B, in a manner similar to that of Szabo and Ostlund 12 for occupied (virtual) molecular orbitals i, j (a,b) with superscripts indicating the fragment and| denoting the modified integrals.
The Coulomb operator is expanded around the intermolecular separation, R, with local position operators, A r 1 and B r 2 1
The attenuated Coulomb operator will have a very similar expansion, where we truncate the expansion for terfc(|r 12 |, r 0 ) at R = r 12 given the very weak dependence on r 12 at large separation with our range-separation function.
terfc(|r 12 |, r 0 )
The resulting dispersion energy within attenuated MP2 is then given by the MP2(uncoupled HartreeFock)-level C 6 coefficients, which are strongly damped by terfc(R,r 0 ) 2 .
This necessarily fails to capture the dispersion interactions, which is the motivation for this manuscript.
A numerical test of the magnitude of the SR, MR, and LR contributions is given in in Figure we shall now discuss.
As a natural complement to the truncation of the electron-electron interaction within attenuated MP2, the Van der Waals density functionals also depend upon the inter-electron separation of two electron densities. In this work, we have used the VV10 density functional. 35 In addition to the inherent damping included in the model, a further removal of electron-electron correlation is necessary to avoid double-counting short-range correlation. An additional multiplicative damping function, 1 − terfc(r 12 , r 0 ) 2 , is used to remove short-range portions of the VV10 correlation energy that are redundant with what is retained in attenuated MP2. Thus we use VV10 modified as follows:
The r 0 parameter is shared with the attenuated short-range MP2 part, rather than being adjusted separately. The VV10 kernel, Φ VV10 , depends on two semi-empirical parameters, b which controls the strength of short-range damping, and C which controls the magnitude of C 6 coefficients. 
Training
The dispersion corrected attenuated MP2 method is semi-empirical, since it depends upon several parameters that are non-linear, first r 0 which is associated with attenuating short-range correlation in Eq. 5, next the two VV10 parameters b and C, and finally the choice of finite basis set that will be employed. Since our previous work on attenuated MP2 achieved greatest success with the Dunning aug-cc-pVTZ (aTZ) basis, we shall use it again here. We chose to fix the long-range correlation parameter, C, at the value optimized for LC-VV10 (long-range corrected VV10), namely C = 0.0089. This choice ensures high-quality long-range C6 values. The remaining two parameters will be sampled on a 2-dimensional grid. The resulting Van der Waals corrected attenuated MP2 method will be denoted as MP2-V(terfc, aTZ) to indicate its choice of attenuating function (terfc) and the chosen aTZ basis.
A database must be used to train the parameters, and we chose the S66 database, 52 as r 0 increases (i.e. weaker attenuation).
Self-consistent usage of the VV10 nonlocal correlation is presented in Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 despite our additional short-range damping of the VV10 correlation energy, suggesting that the short-range correlation energy within attenuated MP2 describes correlation over a wider spatial extent than that described by the PBE correlation energy used by the VV10 functionals. The optimal r 0 for MP2-V(terfc, aTZ), 1.00Å, is substantially shorter than for MP2(terfc, aTZ) (1.35Å), which is potentially advantageous for future efficient implementation of the short-range MP2 part.
MP2-V(terfc, aTZ) possesses the correct long-range limit by design. Table 1 Overall root-mean-square deviation (RMSD), RMSD for the hydrogen-bonded (HB), dispersion-bonded (DISP), and mixed interactions (MIX) subsets, as well as mean-signed error (MSE) and mean-unsigned error (MUE) on the S66 database in kcal mol −1 for MP2-V(terfc, aTZ) with self-consistent orbitals using HF plus VV10, as computed with the optimal b value for various r 0 values near the global minimum For SCS-MP2-V(2terfc, aTZ), we have three more parameters to tune the short-range correlation energy, following the SCS-MP2(2terfc, aTZ) method. 47 The method uses short-range OS MP2 correlation (with r SR 0 ), and a mid-range SS MP2 correlation constructed from the difference between the SS correlation at r MR 0 and r SR 0 , as well as separate spin-component scaling parameters, according to:
To have the possibility of improved performance for thermochemistry, it is essential to train the parameters on both the non-bonded interactions of the S66 database and additional bonded interactions. For the latter purpose, we employ the W4-11 database of thermochemical reactions. 55 To place the non-bonded and bonded interactions on a more-or-less equal footing in the optimization 9 process, we define a figure of merit which is a weighted average of the RMS errors in the two datasets:
The quantities, |E| W4-11 and |E| S66 are the average magnitude of the interaction energy in each of the two databases.
We present a slice of the resulting parameter search in Figure 3 , where we scan the short- The behavior of the new Van der Waals corrected methods versus existing methods for intermolecular interaction energies on the S66 training set is summarized in Table 2 , along with MP2/aTZ and MP2/CBS results. There is a useful 20% reduction in the RMS error between MP2(terfc, aTZ) and MP2-V(terfc, aTZ) which accompanies the improved physical content (correct long-range behavior). The RMS error reduction is closer to 10% between SCS-MP2(terfc, aTZ) and SCS-MP2-V(terfc, aTZ). Since we are intent on enforcing the correct long-range physics, these improvements suggest that the range-separated treatment of different physics at different regimes is working quite satisfactorily in the training set. It is worth noting that the RMS errors for MP2-V and SCS-MP2-V are over seven times smaller than MP2 in the same aTZ basis set.
As an additional diagnostic, the interaction type dependence for the S66 database is presented in Figure 4 . Subset identification follows that ofŘezáč, Riley, and Hobza. 56 Van der Waals cor-10 
The behavior of the new Van der Waals corrected attenuated MP2 methods versus existing
MP2 methods for thermochemical energies on the W4-11 training set is summarized in Table 3. SCS-MP2-V(2terfc, aTZ) performs quite well on this set with an RMS error of 4.36 kcal mol −1 .
A 40% reduction in RMS error relative to MP2-V(terfc, aTZ) shows that spin component scaling is very effective in this application. The roughly 10% RMS error reduction over SCS-MP2(2terfc, aTZ) is in agreement with observations in the literature that dispersion correction can improve statistical behavior for thermochemistry. 57 The mean-signed error for SCS-MP2-V(2terfc, aTZ) is also comparatively low (-0.12 kcal mol −1 ). MP2-V(terfc, aTZ) performs comparatively poorly, with an RMS error of 7.26 kcal mol −1 , which is roughly the same as that of unmodified MP2 (7.29 kcal mol −1 ), and (very) slightly poorer than the original MP2(terfc, aTZ) method. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 
Transferability tests
Critical tests of the transferability of these Van der Waals corrected methods are the potential energy surfaces corresponding to the S66 set of dimers. CCSD(T)/CBS energies for dimer geometries with scaled interfragment distances (S66x8) and angular distortions (S66a8) are available. 56 Error metrics for all of the geometries in the S66x8 database are presented in Table 4 . We find that the overall RMSD for attenuated MP2 is reduced by over 30% upon inclusion of the Van der Waals correction, from 0.33 to 0.21 kcal mol −1 . The spin-component scaling version behaves essentially identically to the unscaled version. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 electrostatics remain correct at the MP2 level even under attenuation. However, a strong hint of the need for long-range dispersion comes from the fact that while the MP2/aTZ RMSD decreases monotonically with scale factor, attenuated MP2 exhibits a secondary maximum in its RMSD at a scale factor of 1.25.
By comparison with attenuated MP2, the results for MP2-V(terfc, aTZ) and SCS-MP2-V(2terfc, aTZ) shown in in Table 5 are very encouraging for two reasons. Focusing on MP2-V(terfc, aTZ) for concreteness, it is evident first that the RMSD is lower at all scale factors than for MP2(terfc,aTZ), and the improvement increases strongly in percentage terms at larger scale factors, where the Van der Waals correction should be relatively more important. The reduction in RMSD is over 50% at a scale factor of 1.25 and larger. Second, in contrast to MP2, the RMSD decreases monotonically with scale factor, indicating the effectiveness of the Van der Waals correction. The results for SCS-MP2-V(2terfc, aTZ) are similar. Table 6 presents the results for the S66a8 database. 56 This database contains CCSD(T)/CBS interaction energies for angular displacements of molecules in the S66 database away from equilibrium. Here MP2-V(terfc, aTZ), with and without spin-component scaling, achieves very low RMS error (0.15 kcal mol −1 ) with respect to the benchmark values. MP2(terfc, aTZ) without dispersion correction also performs very well (0.21 kcal mol −1 ) in contrast to MP2/aTZ (1.10 kcal mol −1 ).
Relatively modest improvement is expected for the Van der Waals corrected method when applied 13 close to the equilibrium geometries used for parameterizing attenuated MP2. Table 6 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE), and maximum error (MAX) on the S66a8 database in kcal mol −1 for unmodified MP2, attenuated MP2, VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected attenuated MP2. The performance of SCS-MP2-V(2terfc, aTZ) and MP2-V(terfc, aTZ) for the S22 database of intermolecular interactions 8, 58 is presented in Table 7 . The addition of a dispersion correction to MP2(terfc, aTZ) reduces the RMS error on this database by about 0.18 kcal mol −1 , resulting in an RMS error of 0.301 kcal mol −1 . This is over a 30% reduction in RMSD relative to attenuated MP2, which again suggests good transferability of the Van der Waals correction. The spin-component scaled method performs slightly worse (0.375 kcal mol −1 ). The high mean-signed error of MP2/aTZ (-1.684 kcal mol −1 ) is reduced to ∼-0.1 kcal mol −1 for both MP2-V(terfc, aTZ) and SCS-MP2-V(2terfc, aTZ). Table 7 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE), and maximum error (MAX) on the S22 database in kcal mol −1 for unmodified MP2, attenuated MP2, VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected attenuated MP2. To examine the behavior of attenuated MP2 methods for very stretched potential energy surfaces, performance for the dissociation of three dimers along center of mass coordinates is shown in Figures 5, 6 , and 7 for the water dimer, the t-shaped isomer of the ethene dimer, and the argon-methane dimer, which are, correspondingly, electrostatically-bound, of mixed character, and dispersion-bound. The equilibrium structures are taken from the A24 database, 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 SCS-MP2/aTZ (7.78 kcal mol −1 ). The improvement of the SCS attenuated MP2 methods over the unscaled attenuated MP2-V(terfc, aTZ) is quite striking (more than 50% reduction in RMSD) on this database. For the G2/97 database, MP2-V(terfc, aTZ) also performs poorly (with an RMSD of 9.69 kcal mol −1 ). The poor performance of MP2-V(terfc, aTZ) underscores the fact that it cannot be recommended for evaluation of bonded interactions. As in the MGAE109 database, SCS-MP2-V(2terfc, aTZ) performs very well on the G2/97 database with an RMSD of 5.15 kcal mol −1 , surprisingly almost 1 kcal mol −1 lower than SCS-MP2/aTZ, and almost 3 kcal mol −1 lower than MP2/aTZ.
Method
We conclude that the spin-component scaled model exhibits quite satisfactory transferability for bonded interactions, although its performance is not on a par with leading density functionals. 
Conclusions
This work paired attenuated MP2 with long-range VV10 dispersion correction within the aug-ccpVTZ basis set, with spin-component scaling also used to improve short-range bonded interactions.
From training on the W4-11 and S66 databases, we see shorter range attenuation parameters relative to uncorrected attenuated MP2, as well as useful reductions in RMS errors for not only our training sets, but also our test sets. For non-bonded interactions, we believe this results from the improved physical content in Van der Waals corrected attenuated MP2. Our recommendations for use are as follows :
1. For noncovalent interactions, the MP2-V(2terfc, aTZ) and SCS-MP2-V(2terfc, aTZ) methods improve over the original attenuated method, MP2(terfc, aTZ) for all classes of noncovalent interactions, and have correct asymptotic treatment of Van der Waals interactions. In a statistical sense, these methods typically outperform MP2/aTZ and even complete basis set MP2. Like MP2, these methods are self-interaction free, which is an advantage relative to present-day DFT.
2. For thermochemistry, the SCS-MP2-V(2terfc, aTZ) method consistently performs as well as SCS-MP2/aTZ or better while incorporating more appropriate long-range physics. As such, we recommend this method for modeling bond-breaking reactions in complex chemical environments, particularly when it is important to be self-interaction free.
3. When incorporating the long-range Van der Waals correction, attenuated MP2 includes only quite short-range MP2 correlation, as evidenced by the smaller attenuation parameters. Not only is the physical content improved, but since MP2-V(terfc, aTZ) is even shorter ranged in the MP2 correlation, there is potential for a lower prefactor in a specialized algorithm. This is a problem that deserves future attention. 17 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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